. Characterization of the relationship between systolic shear strain and early diastolic shear strain rates: insights into torsional recoil. Am J Physiol Heart Circ Physiol 299: H898 -H907, 2010. First published June 18, 2010 doi:10.1152/ajpheart.00353.2010.-Early diastolic left ventricular (LV) untwisting has been evaluated as a manifestation of LV recoil, reflecting the release of elastic energy stored during systole. The primary goal of this study was to characterize the relationship between systolic strain (e.g., circumferential strain and the shear strains that comprise twist) with the resulting early diastolic shear strain rates, including the rate of untwisting. A further goal was to characterize these relationships regionally from apical to basal locations. Cardiac magnetic resonance imaging tissue tagging was used to measure circumferential strain, global and regional (apex, mid, basal) twist (), and circumferential-longitudinal (⑀ CL) and circumferential-radial (⑀CR) shear strains along with the corresponding untwisting rates (d/dt) and diastolic shear strain rates (d⑀/dt) in 32 healthy males (33 Ϯ 7 yr). LV untwisting rates and shear strain rates measured during early diastole varied significantly with the measurement location from apex to base (P Ͻ 0.001) but demonstrated significant linear correlation with their corresponding preceding systolic strains (P Ͻ 0.001). Untwisting rates and diastolic shear strain rates were not significantly correlated with circumferential systolic strain or endsystolic volume (P Ͼ 0.05). Normalization of the untwisting rates to the peak twist (d/dtNorm ϭ Ϫ13.6 Ϯ 2.1 s Ϫ1 ) or shear strain rates to peak systolic shear strain (d⑀CL/dtNorm ϭ Ϫ15.0 Ϯ 5.4 s Ϫ1 , and d⑀CR/dtNorm ϭ Ϫ14.2 Ϯ 7.7 s Ϫ1 ) yielded a uniform measure of early diastolic function that was similar for all shear strain and twist components and for all locations from apex to base. These findings support a linear model of torsional recoil in the healthy heart, where diastolic shear strain rates (e.g., untwisting rates) are linearly related to the corresponding preceding systolic shear stain component. Furthermore, these findings suggest that torsional recoil is uncoupled from end-systolic volumes or the associated strains, such as circumferential strain. relaxation; torsion; untwisting LEFT VENTRICULAR (LV) twist during systole and subsequent untwisting during diastole are a consequence of the characteristic helical muscle fiber orientations and their variations from endo-to epicardium (15, 29) . These fiber orientations facilitate uniform transmural fiber shortening and wall stress (1), thereby improving the efficiency of ventricular systolic function. This geometry also accommodates changes in fiber length at constant ventricular volume, during isovolumic relaxation, as changes in shear strain (2). For example, ϳ40% of ventricular untwisting, which is associated with the circumferential-longitudinal shear strain (⑀ CL ) component, is completed during isovolumic relaxation in the normal heart at rest (10, 12, 22) . Because shear strains such as untwisting are the predominant deformation during early diastole, they have been evaluated as a measure of ventricular relaxation by direct comparison to isovolumic pressure decay time constant () (5, 10, 23, 27, 32, 34) . Whereas the peak rate of untwisting was shown to correlate with in animal studies [Dong et al. (10), R ϭ Ϫ0.86; Wang et al. (34), R ϭ Ϫ0.81; and Notomi et al. (23), R ϭ Ϫ0.66], human studies have shown less (34) (R ϭ Ϫ0.51) or no significant correlation (5). There is much stronger evidence for LV untwisting as a manifestation of torsional recoil (2, 3, 6, 17, 22, 23, 32, 36) , given the significant correlation between the early diastolic untwisting rate and peak systolic twist in humans (8, 16, 22, 25, 35) and the correlation of untwisting rates with end-systolic volumes (ESVs) (3, 35). Linear correlations between peak twist and untwisting rates have been observed in several studies (8, 16, 22, 25, 35) , but this systolicdiastolic relationship has not been evaluated for the more fundamental shear strains, nor has it been evaluated regionally. We propose that the shear strains developed during systole are linearly related to the subsequent corresponding shear strain rates during early diastole and thus that a simple linear model of torsional recoil describes the link between systole and early diastolic function. Systolic shear strains are heterogeneous in humans (4, 18), and thus regional variations in the diastolic shear strains rates (and untwisting rates) would be expected. The goals of this current study were, first, to measure diastolic shear strain rates in the healthy heart and to characterize their relationship with the preceding systolic shear strains as well as with systolic circumferential strains and ventricular volumes. A second goal was to determine whether these relationships are maintained as a function of the position in the ventricle despite the expected heterogeneity of systolic shear strains.
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METHODS

Study Population
The protocol for examining subjects using cardiac MRI (cMRI) was approved by the Health Research Ethics Board at the University of Alberta, and all patients signed statements of informed consent before being examined. Thirty-two healthy adult male volunteers (33 Ϯ 7 yr) underwent a cMRI exam to measure LV volumes and function. The subject characteristics are summarized in Table 1 . None of the subjects had a history of heart disease.
Magnetic Resonance Imaging
Data acquisition. All cMRI examinations were performed using a 1.5-T Siemens Sonata scanner (Erlangen, Germany) and a fiveelement cardiac array for signal reception. Short-axis balanced steadystate free precession (true FISP) short-axis cine images covering the entire LV (10 to 12 slices) were used to measure LV ESV (LVESV), LV end-diastolic volume (LVEDV), LV stroke volume (SV), and LV ejection fraction (EF). Image parameters were echo time ϭ1.5 ms, repetition time ϭ 3.0 ms, flip angle ϭ 60°, slice thickness ϭ 8 mm with a 2-mm gap between slices, matrix ϭ 256 ϫ 192, field of view ϭ 300 to 380 mm, and 10 views per segment with 30 reconstructed cardiac phases. All image acquisitions were prospectively ECG gated and acquired during breath holds (10 -15-s breath holds per slice).
cMRI tissue tagging was used to measure regional LV circumferential motion at four short-axis slice locations and to calculate circumferential strain, global twist and untwisting rates, regional twist and untwisting rates, and shear strains and strain rates (Fig. 1) . The apical slice was prescribed 1 cm from the true apex, as identified from two-, three-, and four-chamber-long axis views, with each additional short-axis slice prescribed with a skip of 16 mm between the centers of slices. Typical image acquisition parameters were as follows: spoiled gradient-echo pulse sequence with echo time ϭ 2.2 ms, repetition time ϭ 4.0 ms, flip angle ϭ 12°, slice thickness ϭ 8 mm, matrix ϭ 192 ϫ 128, field of view ϭ 300 to 380 mm, 600 Hz/pixel receiver bandwidth, and 5 views per segment for a 20-ms temporal resolution. The tissue tags were applied with a delay of 200 ms from the ECG trigger to ensure tag persistence throughout diastole (11) . Blood pressure (automated cuff sphygmomanometer) and heart rate (ECG) were monitored throughout all acquisitions.
Data processing. Assessment of LV volumes was performed by manual segmentation of short-axis cine images at end diastole and end systole (Argus; Siemens Medical Systems). LVEDV and LVESV were calculated using Simpson's rule (26) and subsequently used to calculate SV and EF. Papillary muscles were included in the ventricular cavity, and LV mass was measured using the difference in endoand epicardial volumes multiplied by a tissue density of 1.05 g/ml. The processing of tagged images to yield strains and rotations was performed with custom-automated software, developed using the Matlab programming environment, which has been detailed in previous publications (7, 20) . Briefly, the images from all cardiac phases were morphed to a reference image to determine the spatial deformation field for the myocardium as a function of cardiac phase. User input was limited to tracing the endo-and epicardium at a single reference cardiac phase for each slice. The resulting spatial deformation field within the myocardium was used to calculate the targeted strain fields at all cardiac phases (18) . The calculation of rotation and twist was similar to previously published methods (21) whereby the angle of rotation for each short-axis slice, , was calculated as the average rotation for all points in the slice about the LV centroid, which was calculated for each cardiac phase. Positive is counterclockwise when viewed from apex to base. The global LV twist, , was calculated as the difference between the counterclockwise (positive) rotation at the apex and clockwise rotation at the base (viewed from apex), ϭ apex Ϫ base. The rate of untwisting, d/dt, was calculated as the discrete time derivative of the twist versus time curve. The peak twist parameters were calculated as the largest magnitudes of and d/dt during the appropriate time intervals. The time-varying rotation at apical and basal slices and the corresponding twist metrics averaged over all subjects are shown in Fig. 2 Fig. 1 . Four evenly spaced short-axis grid-tagging slices between the base and apex are used to measure the global twist and rate of untwisting and the regional equivalents at basal (), mid (), and apical ( ) locations. All strains were measured using the change in length, ⌬L, per unit length, L, as shown in the inset.
For circumferential strain, ⌬L and L were measured in the circumferential direction. For circumferential-longitudinal shear strain (⑀CL), ⌬L was the difference in circumferential displacement for slices separated by a longitudinal distance, L. For circumferential-radial shear strain (⑀CR), ⌬L was the difference in circumferential displacement for epicardium and endocardium separated by a radial distance, L.
axes for all curves were normalized to the time of aortic valve closure and expressed as the percentage of systole, where 100% of systole is at the aortic valve closure.
The twist and untwisting measurements were repeated for each pair of adjacent short-axis slices at apical, midventricular, and basal levels of the LV, as shown in Fig. 1 , which were defined as regional twist apex, mid, or base and untwisting rates d/dtapex, mid, or base. All regional twist and untwisting rate values were normalized to the distance between slices and are thus in units of torsion (i.e., twist per cm). ⑀ CL and circumferential-radial shear strain (⑀CR) components were calculated using tissue displacements measured at the four short-axis slice locations (18) . As shown in Fig. 1 , ⑀ CR is related to the difference in endo-and epicardial rotation, whereas ⑀CL is related to the difference in rotation in neighboring short-axis slices. ⑀CR values were averaged over all circumferential locations within each short-axis slice location, yielding apex, mid-1, mid-2, and base values, as indicated in Fig. 1 . ⑀ CL values were averaged for all radial and circumferential locations, for each pair of short-axis slices, yielding apex, mid, and base values, as indicated in Fig. 1 . ⑀CL calculations were also repeated for the use of only apical and basal slices, which are termed ⑀CL(Global), and are thus similar to the calculation of conventional twist and untwisting rates but take the LV radius for each slice and distance between slices into consideration. Diastolic shear strain rates (d⑀/dt) were calculated as the time derivative of corresponding strains. Peak values (i.e., peak strain, peak twist, and peak untwisting rates) were reported for all calculated parameters. The relationship between all systolic shear strain and corresponding diastolic shear strain components was evaluated by normalization of diastolic rates to peak systolic strains and by linear correlation. All normalized values are identified using a subscript, for example, normalized untwisting rate is termed d/dt Norm ϭ d/dtpeak/ peak (in s Ϫ1 ). Previously, the normalized untwisting rates have been defined as normalized rotation velocities (19) or untwisting performance (8, 19, 24) .
Strain and twist values were measured with respect to a cardiac phase during diastasis, as shown in Fig. 2A (11) , as opposed to the more conventional early systolic phase. This definition of strain reflects the fact that the effective or functional length of contracted myofibrils, related to their ability to store and release elastic energy and to drive the fiber lengthening and untwisting, is relative to the equilibrium fiber length (3, 30). 
Statistics
Statistical analysis was performed using Microsoft Office Excel 2007 (Microsoft, Redmond, WA). Descriptive data are presented as means Ϯ SD. Paired sample Student's t-tests were used for statistical comparisons between parameters. Least squares linear regression analysis was performed to correlate twist (or shear strain) and the corresponding untwisting rate (or shear strain rate) parameters. The y-intercept was set to zero for all linear regression analysis to allow for a direct comparison of the best-fit slope to the untwisting performance or strain rate performance metrics. Statistical significance was assigned for P Ͻ 0.05. Figure 2 shows the average apical and basal rotation () and twist () curves for the 32 subjects with corresponding SDs. The average of the peak values and timings for these two locations, as well as the mid-1 and mid-2 slice locations, is summarized in Table 2 . The transition from positive to negative peak systolic rotation occurs between the mid-2 and basal slice locations. Mean peak twist was 10.4 Ϯ 2.6°(6.8°to 17.1°) and the mean untwisting rates were Ϫ144.2 Ϯ 34.9°s
RESULTS
Global Function
Ϫ1 to Ϫ220.6°s Ϫ1 ) with a significant negative linear correlation between peak twist and untwisting rates (R ϭ Ϫ0.58, P Ͻ 0.001), as shown in Fig. 3A ). There was no significant correlation between untwisting rates and either LVESV or peak systolic circumferential strain as shown in Fig. 3 , C and D (P Ͼ 0.05). Similarly, peak twist was not correlated with LVESV or peak circumferential strain, as shown in Fig. 3 , E and F (P Ͼ 0.05). LVEDV, LV SV, and LV EF were also uncorrelated with peak twist and untwisting rates. Figure 4 shows the average regional torsion (Fig. 4A ), ⑀ CL (Fig. 4B) , and ⑀ CR (Fig. 4C ) curves for the 32 subjects. The SD for each of these parameters, calculated using all time points and locations, is shown on each graph. Figure 5 summarizes the mean peak systolic strains, diastolic strain rates, and normalized diastolic strain rates for torsion, circumferential-longitudinal, and circumferential-radial components for apical, mid, and basal locations. Figure 5 , A-C, shows larger regional torsion and untwisting rates toward the apex (P Ͻ 0.001), but the normalized untwisting rates are similar at apical (Ϫ12.8 Ϯ 2.6 s Ϫ1 ), mid (Ϫ11.9 Ϯ 1.3 s
Regional Function
Ϫ1
), and basal (Ϫ13.5 Ϯ 2.7 s Ϫ1 ) locations. Figure 6A shows the individual peak regional torsion and untwisting rates for all 32 subjects and their significant linear relationship (P Ͻ 0.05), where the slope is equivalent to the normalized untwisting rate (i.e., the ratio of untwisting rates to the peak torsion). Table 3 summarizes the average normalized untwisting rates and normalized diastolic shear strain rates for all regional and global measurements in this study. Figure 5 , D-F, shows the corresponding average values for the systolic ⑀ CL component. In contrast to regional torsion and untwisting, the ⑀ CL systolic component has smaller values toward the apex (P Ͻ 0.001) with a similar pattern for the diastolic shear strain rate. The normalized diastolic strain rate [d⑀ CL /dt Norm ] was uniform from apex (Ϫ15.1 Ϯ 6.5 s Ϫ1 ) to mid (Ϫ14.9 Ϯ 5.6 s Ϫ1 ) to basal (Ϫ15.0 Ϯ 3.9 s Ϫ1 ) locations (P Ͼ 0.05; ANOVA). Figure 6B shows the individual regional circumferential-longitudinal strains and diastolic strain rates for all 32 subjects and their significant linear relationship (P Ͻ 0.05), where the slope is equivalent to d⑀ CL /dt Norm (regional average) in Table 3 .
Finally, the variation in peak ⑀ CR and the corresponding diastolic strain rates from apex to base are shown in Fig. 5 , G-I, with statistically significant differences between all locations (P Ͻ 0.001). The normalized diastolic strain rate, d⑀ CR / dt Norm , was uniform from apex (Ϫ13.6 Ϯ 5.9 s Ϫ1 ) to mid-1 (Ϫ15.6 Ϯ 7.7 s Ϫ1 ) to mid-2 (Ϫ14.1 Ϯ 10.2 s Ϫ1 ) to basal (Ϫ14.5 Ϯ 10.1 s Ϫ1 ) locations (P Ͼ 0.05, ANOVA). Figure 6C shows the regional circumferential-radial strains and diastolic strain rates for all 32 subjects and their significant linear relationship (P Ͻ 0.05), with a reversal in sign from base to apex, where the slope of this relationship is equivalent to d⑀ CR /dt Norm (regional average) in Table 3 . Values are means Ϯ SD. *P Ͻ 0.001, difference from the times of peak basal rotation and rotation rate. Fig. 3 . In the 32 subjects, peak LV twist is significantly correlated with the peak untwisting rate (A), and the circumferential-longitudinal (CL) systolic shear strain (associated with systolic twist) is significantly correlated with the corresponding diastolic shear strain rate (associated with untwisting rate) (B). The peak rate of untwisting has no significant correlation with end-systolic volume (C) or peak circumferential strain (D) with similar results for peak twist in E and F.
DISCUSSION
LV untwisting is now a commonly evaluated parameter in studies of diastolic function. The purpose of this study was to characterize the relationship between the early diastolic strain rates, including the conventionally measured ventricular untwisting rates, with the preceding systolic shear strains in the healthy heart. The primary findings of this study are the linear correlations between the diastolic strain rates with the corresponding preceding systolic strains, for all strain components (torsion, ⑀ CL , and ⑀ CR ) and for apical, mid, and basal ventricular regions. All measured strain components were shown to vary significantly from base to apex for both peak systolic strains and subsequent early diastolic strain rates with distinct spatial patterns for each of the torsion, ⑀ CL , and ⑀ CR components. Normalization of the diastolic rates to the peak systolic strains largely removed the spatial variations in shear strain rates and yielded similar values for all regions, as summarized in Table 3 . These findings support a linear model of torsional recoil, where larger systolic strains are associated with proportionately larger early diastolic strain rates. The spatial uniformity of the normalized values suggests that recoil, as it is related to shear strains, is homogeneous over the healthy heart. Our findings also show that peak twist and untwisting rates (and all early diastolic shear strain rates) are not significantly related to the extent of circumferential strain or ESV (Fig. 3,  C-F) . The potential independence of the principal and shear strain components as mechanisms for energy storage and for driving LV recoil (i.e., the release of energy stored in shortened elastic fibers) is plausible given the orthogonality of these components in the strain tensor. The uncoupling of shear strains and the principal strains has previously been observed as a dissociation of twist and volumetric LV function (9, 27) and is observed in all hearts during isovolumic relaxation when untwisting dominates changes in fiber length with ϳ40% of untwisting being completed (10, 12, 22) before changes in the principal strains or LV volume. Thus early diastolic (isovolumic) LV torsional recoil (or more generally, shear strain recoil) occurs with negligible changes in circumferential strain or volume and likely reflects the release of energy stored in systolic shear stain and not that stored in the principal strains, such as circumferential systolic strain. In contrast to our findings, the findings of Wang et al. (35) did show that untwisting rates are significantly correlated with both peak systolic twist and ESV in a population of patients with heart failure (35) . Their findings may reflect a strong primary correlation between all systolic strain components in their population (i.e., a correlation between twist and ESV) and not a direct correlation between ESV and untwisting rates, although this was not directly evaluated in the study.
Regional Shear Strain
From Figs. 4A and 5, A and B, untwisting rates are larger toward the apex with spatially matched peak systolic torsion, yielding similar normalized untwisting rates from apex to base. Larger regional torsion at the apex has been previously reported (18) . This spatial pattern was reversed for the circumferential-longitudinal shear strains. Thus, while the apex has the largest regional torsion over the length of the ventricle when the smaller apical radius is taken into consideration in the calculation of ⑀ CL , there is less shear strain at the apex, as shown in Figs. 4B and 5, D and E. Bogaert and Rademakers (4) reported a similar pattern with smaller ⑀ CL systolic strains measured at the apex. The corresponding diastolic ⑀ CL shear strain rates have not been previously reported. As shown in Fig. 5, D and E, the ⑀ CL systolic shear strains and diastolic strain rates are spatially matched, yielding similar normalized diastolic shear strain rates at all locations (P Ͼ 0.05). The circumferential-radial shear strains (related to the difference in endocardial and epicardial rotation) had significant variations from apex to base, again with spatial matching of the systolic and diastolic values and thus similar normalized diastolic shear strain rates at all locations (P Ͼ 0.05). The pattern of ⑀ CR reversal from apex to base has been previously noted (4) with similar systolic shear strain values, but this is the first report of a similar pattern for the diastolic strain rates.
It is important to note in consideration of twist and shear strains that twist, unlike the strain metrics, does not provide a direct measure of changes in fiber length. Twist is most similar to the ⑀ CL component, both being related to the difference in rotation of parallel short-axis slices, but twist calculations do not take the magnitude of the ventricular radius or the change in radius over time into consideration as does ⑀ CL . These differences may account for the tighter correlation between the ⑀ CL and ⑀ CL /dt than was observed between twist and untwisting rates, as shown in Fig. 3, B and A, respectively. The ⑀ CR shear strain component measured in the current study is mathematically distinct from ⑀ CL and twist deformations, and thus the linear correlation between systolic ⑀ CR and early diastolic ⑀ CR /dt (Fig. 6C) provides an independent evaluation of the relationship between the systolic strains and diastolic strain rates and of torsion recoil.
Interpretation of Normalized Strain Rates
Linear relationships between systolic strain and diastolic strain rates (i.e., lengthening rates) have been observed in in vitro experiments on isolated rat cardiac myocytes (13) . Furthermore, a modification of these isolated myocytes, with the application of trypsin to selectively degrade titin, was shown to reduce the slope of the peak strain rate versus the strain curve from 9 to 4.5 s Ϫ1 (i.e., equivalent to a reduction of the normalized strain rate). Reduced normalized strain rates with a degradation of titin most likely reflects the reduced capacity of the myocytes to store elastic energy. Specifically, it is trivial to show that the normalized diastolic strain rate for an idealized linear spring described by Hooke's Law, F ϭ Ϫk(x Ϫ x 0 ), is equal to the natural frequency of the system, ϭ k/m, which is determined by the spring constant and mass of the system [F is the restoring force for a spring with a stiffness, k, with a mass, m, displaced from an equilibrium position (x 0 ) by a distance, x]. This result can be directly calculated from the position [i.e., strain, x ϭ x 0 sin(t)] and velocity [i.e., strain rate, dx/dt ϭ x 0 cos(t)] expressions, yielding a normalized diastolic strain rate ϭ dx/dt peak /x peak ϭ x 0 /x 0 ϭ . The predominantly linear relationships between peak twist and untwisting rates (or shear strains and diastolic shear strain rates), illustrated in the current study, are consistent with the noted in vitro data and simplified mathematical models. Previously, recoil models of ventricular function have shown that the rate of diastolic fiber lengthening is modulated by the viscoelastic material properties of the myocardium (2, 3, 13, 14) , including the calcium-dependent actin-myosin disassociation (relaxation) (31) . The normalized diastolic strain rates, including the normalized untwisting rates, are thus likely representative of the early diastolic viscoelastic properties of LV, where increased stiffness (referring here to the capacity of the myocardium to store elastic energy, elasticity) would yield higher normalized values. In contrast, the viscosity of the myocardium, which would include the effects of actomyosin inactivation (31) , reflect the frictional forces that impede the release of this energy and would be expected to reduce the normalized strain rate values. For example, Nagel et al. (19) reported a reduction in "normalized rotation velocities," equivalent to the normalized untwisting rates in the current study, in patients with aortic valve stenosis. The authors proposed that smaller normalized rotation velocities were potentially reflective of the changes in collagen architecture, associated with increased viscosity and reduced elasticity, which is a wellknown long-term consequence of aortic stenosis (33) . More recently, Dalen et al. (8) showed a significant decrease in normalized peak diastolic untwisting velocity with advancing age, with an associated delay in the time of peak untwisting rate.
Limitations
All rotation and strain data in this study were evaluated from four short-axis slices. These images can be used to measure only the in-plane (circumferential and radial) motion, and thus the third shear strain component (longitudinal-radial) was not measured in this study. Also, the motion of the myocardium in the longitudinal (through-plane) direction will give rise to systematic errors in all measured tissue displacements for a static imaging plane, although it has been shown that two-and three-dimensional tagging yield highly correlated torsion values (28) . To minimize errors from through-plane motion at the base and to avoid motion of the base out of the imaging plane during systole (i.e., the average longitudinal displacement of the base was 2.4 Ϯ 0.4 cm in our population), the most basal slice was typically 2 to 3 cm from the true base, measured at end diastole. Also, because of variations in heart length in our study population (Table 2) , the most basal slice location relative to the true base was not identical in all subjects, which is thus a source of systematic error in our study as some overlap between regions. Despite this overlap, all regional twist and shear strains and diastolic strain rates were significantly different between all regions.
The spatial variations in twist and shear strains were measured only as a function of position from apex to base, although it is well known that peak shear strains also vary from endo-to epicardium and with circumferential location (4, 18) . Also, all rotation, twist, and strain measurements were calculated with respect to diastasis and not with respect to the more commonly used end-diastolic reference, which are separated by the effects of the late atrial contraction. This alternate reference will not affect the rate of change measurements (untwisting rates, strain rates), but it may result in slightly lower peak twist and strain values, because the diastasis-reference approach does not include the effects of the atrial contraction. The slightly lower peak systolic strains would be expected to give rise to larger normalized parameters. Accordingly, our normalized untwisting rates of Ϫ13.6 Ϯ 2.1 s Ϫ1 are larger than the previously reported values, which are approximately Ϫ11 s Ϫ1 (8, 19, 24) . A diastasis reference was used in this study to better reflect the mechanisms of recoil, which are based on the release of stored energy relative to the resting configuration of the fibers and to ensure MRI tag persistence throughout diastole. While it is not possible to directly measure the resting fiber length, nor is it agreed upon at which point in the cardiac cycle (or which volume) equilibrium occurs (37), diastasis is a better representation of this equilibrium than is end diastole. Finally, the findings of the current study are limited to the healthy heart in younger men.
Conclusion
In summary, the early diastolic shear strain rates (d⑀ CL /dt and d⑀ CR /dt) and untwisting rates (d/dt) were shown to vary significantly from apex to base, and all components were linearly correlated with their corresponding systolic strains. Direct normalization of the diastolic shear strain rates by the peak systolic strains (or untwisting rates to peak twist) yielded a uniform measure of diastolic function that was similar between the distinct shear strain and twist components and similar at apical, mid, and basal ventricular positions. These results suggest that torsional recoil can be described with a linear model in the healthy heart, where systolic shear strain gives rise to a proportional early diastolic shear strain rates, independent of measurement location. They further suggest that spatial heterogeneity in diastolic shear strain rates are likely the consequence of nonuniform systolic function. The diastolic shear strain rates and untwisting rates were not significantly correlated with the systolic circumferential strains or ESV or EDV, which suggests that torsional recoil, or more generally shear strain recoil, is uncoupled from the changes in fiber length associated with changes in volume. 
